Abstract: We propose a mechanism to solve the Higgs naturalness problem through a cosmological selection process. The discharging of excited field configurations through membrane nucleation leads to discrete jumps of the cosmological constant and the Higgs mass, which vary in a correlated way. The resulting multitude of universes are all empty, except for those in which the cosmological constant and the Higgs mass are both nearly vanishing. Only under these critical conditions can inflation be activated and create a non-empty universe.
Introduction
Higgs naturalness remains an open problem in particle physics. The problem has only become sharper after the first runs of the LHC. On one side, the LHC has identified a scalar particle (which is the origin of the problem) as the agent that completes the electroweak (EW) breaking mechanism at short distances; on the other side, it has widened the gap between the EW scale and the scale of possible new physics. Data from the LHC have amplified the problem, but have not offered a solution yet.
Stimulated by these experimental results, theorists have widened the range of their explorations. One new direction that has been pursued is explaining Higgs naturalness with a selection process during the cosmological evolution. Several interesting examples of this approach have been put forward in the literature [1] [2] [3] [4] [5] [6] [7] [8] . Here we will propose a novel mechanism. Our study starts from the following two observations that are generic in the context of cosmological selection.
In traditional solutions of Higgs naturalness based on weak-scale dynamics (technicolor, supersymmetry, composite Higgs, etc.), it is common to disregard the analogous naturalness problem of the cosmological constant. This may be viewed as an acceptable working hypothesis because one can always postulate that the dynamics of the Higgs and the cosmological constant are completely unrelated. However, this hypothesis is hardly defendable in the context of cosmological selection solutions, which generally involve a landscape of values for the Higgs mass. Whatever makes the Higgs mass scan almost necessarily contributes to the energy density of the system and therefore the cosmological constant must scan as well. Thus, our first observation is that any solution to Higgs naturalness based on cosmological selection must simultaneously address the problem of the cosmological constant. In this paper, we will attempt to construct a mechanism that links the two puzzles.
The second observation, generic of mechanisms based on cosmological selection, is again related to the dynamical variation of theory parameters or, in other words, to the landscape. The presence of a dynamical landscape not only offers a natural setup for anthropic arguments, but makes statistical or environmental considerations almost unavoidable. For this reason, we will not shy away from relying on anthropic arguments in the construction of our mechanism. When dealing with selection mechanisms based on cosmological evolution, anthropic arguments look as motivated as natural selection in biological evolution. To emphasise the similarity with the role of evolution in biology [9] we will call our mechanism Selfish Higgs, since the Higgs acts as an anthropic selector for the emergence of a fairly unique non-empty universe.
The Selfish Higgs is based on the familiar Standard Model (SM) with the addition of a single non-dynamical field described by a four-form and an inflaton. When coupled to gravity, the four-form contributes to the vacuum energy and it has been proposed in the past as a way of addressing the cosmological constant problem [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , inflation [20] [21] [22] [23] , and the strong CP problem [24, 25] . In the Selfish Higgs, the four-form is coupled to the SM Higgs and different configurations of the non-dynamical field correspond to different values of the Higgs mass, in a way similar to the original proposal of ref. [1, 2] and to the models of ref. [6] .
We assume that the four-form starts in the early universe in a highly excited state (labelled by a discrete integer n), possibly taking different values in different spacetime patches. The four-form derives from a three-form (the analogous of the potential for an electromagnetic field), which is coupled to (2+1)-dimensional membranes of charge e. The charge e has dimension of mass squared and we choose it to define the weak scale. It is technically natural to take it hierarchically smaller than the cutoff mass, which could be in principle as large as the Planck mass. Just like a very intense electric field can be gradually discharged by spontaneous creation of electron-positron Schwinger pairs, so the excited four-form can reduce its energy by creating membranes. In the process, which is governed by quantum tunnelling, the four-form undergoes a configuration transition n → n − 1 and a membrane of charge e is nucleated. As a result of this random cascade evolution, in different parts of the universe the Higgs mass squared parameter and the cosmological constant gradually decrease, in a correlated way. The process typically comes to a halt when the cosmological constant has been neutralised. The details of how the process stops are not important for our mechanism. This is because, at the final stages, the tunnelling rate is so slow that the lifetime of each four-form configuration is much longer than the age of our observable universe, allowing for the possibility that we live in a metastable universe.
The selection criterion that singles out our universe among the multitude of possibilities is purely anthropic, but rather mild: a universe can be 'non-empty' only when the cosmological constant and the Higgs mass are close to critical values around zero. The result that the cosmological constant must lie within a small interval around zero follows from Weinberg's well-known considerations [26] . The novel ingredient of the Selfish Higgs is the feature that only a Higgs near the critical point for EW breaking is capable of igniting the start of inflation by driving the inflaton field away from its true minimum. There are various ways of achieving such a phenomenon and we will present two examples.
The first mechanism is based on thermal effects due to particle production coming from the non-adiabatic changes of the Higgs mass squared as the branes sweep the universe. This process is exponentially suppressed whenever the Higgs mass squared (in absolute value) is much larger than the brane charge e. The hypothesis that the size of e is in the hundredsof-GeV range leads to the conclusion that the only non-empty universes must be those in which the Higgs parameters are close to the critical point for EW breaking. The second mechanism is based on a class of inflationary models in which the inflaton is locked at the vacuum in the EW broken phase, while it is free to fluctuate in the EW unbroken phase but without changing the energy density. Inflation is activated only at the critical point between the two phases.
2 The landscape from a four-form coupled to the Higgs
The action
The new element that we are adding to the SM is a totally antisymmetric three-form field A µνρ with a four-form field strength 1
The dynamics of A µνρ is described by the action [13, 14] 
The term S mb describes the coupling of the three-form field to the world-volume of a 3D membrane
Here ξ a (a, b, c = 0, 1, 2) are the membrane coordinates embedded in four-dimensions as
ab is the induced metric on the membrane; T and e are the tension and charge of the membrane with mass dimensions three and two, respectively.
The membranes behave as fundamental objects in the low-energy effective theory, valid below M cutoff . As a result, their structure cannot be resolved and their world-volume is described by a (2+1)-dimensional field theory with a cut-off of order M cutoff . The brane world-volume has a vacuum energy that renormalises the brane tension, making it naturally of the size of the cutoff scale, T ∼ M 3 cutoff . On the other hand, an essential point is that the size of the brane charge can be made much smaller than the cutoff and we take the corresponding mass to define the weak scale (e M 2 cutoff ). This is a technically natural choice because, in the limit e → 0, branes are not nucleated, the four-form configuration is globally defined and full 4D Poincaré invariance is recovered. Another way of looking at the result is that there are no fields in the world-volume theory that can renormalise the charge e. Indeed, the moduli fields parametrising the position of the membrane, which in principle might renormalise the membrane charge, decouple as they are infinitely massive. 2 The membrane charge can be renormalised if there is vacuum screening because of other charges in the bulk (for instance two-forms), which is however not the case we contemplate. The action S A is invariant under the gauge transformations 4) where the gauge parameter is a two-form B µν = −B νµ . Because of this gauge redundancy, the three-form A µνρ does not contain any propagating degree of freedom, but can have a non-trivial background value such that
where f is a constant field in the absence of any source. The only possible renormalisable interaction between the four-form and the SM fields, invariant under the gauge transformation (2.4), is through the Higgs portal. The potential of the SM Higgs doublet H then becomes
where y is a dimensionless coupling and M 0 is a mass parameter taken to be of the order of the ultraviolet cutoff, in concordance with the naturalness principle (M 0 ∼ M cutoff ). We have made the discrete choice of a negative bare mass squared for the Higgs. The total action of the theory is
where S A is given in eq. (2.2) and S SM is the usual SM action augmented with the four-form coupling to the Higgs as in eq. (2.6)
S b is a pure boundary term
which, although it does not contribute to the classical equations, removes an inconsistency between field equations and the on-shell action [15, 27] and leads to stationary action under variations that leave the four-form fixed at the boundary. Note that, after integrating out the Higgs at one loop, the two terms proportional to y in eqs. (2.6) and (2.9) exactly cancel, showing explicitly that the coupling y cannot renormalise the brane charge e.
Finally, S grav is the gravitational action, which is relevant for the tunnelling dynamics across membranes,
Here M P is the reduced Planck mass and −Λ 0 is the bare cosmological constant. We choose Λ 0 to be positive (corresponding to a negative cosmological constant) with size of the order of the cutoff scale size, as required by naturalness (Λ 0 ∼ M 4 cutoff ). The last term of eq. (2.10) is the Gibbons-Hawking term [28] where the surface integral is over spacetime boundaries, with h ab being the induced metric and K = K a a the trace of the extrinsic curvature K ab . The theory is manifestly CP-conserving, up to the usual SM sources of CP violation.
The field equations
In order to study the dynamics of the system we consider the field equations expressed in terms of the real scalar neutral Higgs component h, defined such as H = (0, h/ √ 2), and the field f defined in eq. (2.5). For simplicity, we turn off gravity (which plays no role in this context) and varying the action in eq. (2.7) we obtain
Let us focus on the constant-field vacuum configuration
From eq. (2.11) we learn that, when a membrane is nucleated, f and v are constant on both sides of the membrane wall, but there is a jump in their values across the wall ∆f − y 2 ∆v 2 = e . (2.14)
As argued in ref. [16] , not only the background field makes discrete jumps across membranes, but its value is actually quantised in units of e
This quantisation is expected whenever the theory has a UV completion such as string theory, in which gauge fields and their duals are related. The Dirac quantisation condition of magnetic sources then implies quantisation of electric sources, whose role in our case is played by the constant value of the four-form. Once we accept the quantisation condition, we find a discrete (and infinite) set of possible background solutions labelled by the positive integer n f = e n v 2 = 0 for n > n c (unbroken phase) , (2.16) and f = yM 2 0 +2λ e n y 2 +2λ
for n ≤ n c (broken phase) , (2.17) where n c is the largest integer smaller than M 2 0 /ye.
The scanning parameters
We want to evaluate the effective cosmological constant including the contribution to the vacuum energy from the background fields f and h. The energy-momentum tensor for the four-form and the Higgs is
The reason why only the part of the potential that is independent of the four-form contributes to the energy-momentum tensor in eq. (2.18) is that the term
does not depend on the metric. Thus, the energy density on the field background is
Superficially it may seem that the energy-density in eq. (2.21) is independent of the coupling y. However, the dependence is hidden inside the Higgs contribution to f . By writing the quantisation condition as f = f n + yh 2 /2 with f n = en, we find 22) which shows explicitly the dependence on y.
The cosmological constant Λ and the Higgs mass parameter µ 2 H (defined such that the Higgs potential is V H = µ 2 H |H| 2 + λ|H| 4 ) corresponding to the solutions labelled by the integer n in eqs. (2.16)-(2.17) are given by
for n > n c (unbroken phase) (2.23) and
for n ≤ n c (broken phase) .
(2.24)
The important observation for the Selfish Higgs is that the coupled system four-form/Higgs leads to a landscape of possible background solutions, on which both the cosmological constant and the Higgs mass parameter vary. However, Λ and µ 2 H do not scan independently, but remain correlated as n changes, as shown in eqs. (2.23)-(2.24). The next step is to study how this landscape can be dynamically populated and this is the subject of the following section.
Before concluding this section, we remark that µ 2 H scans linearly with n and Λ scans quadratically, as shown in eqs. (2.23)-(2.24). This behaviour of Λ is the cause of the 'gap problem' in the Brown-Teitelboim mechanism for the cosmological constant relaxation. Indeed, the splitting in Λ between two contiguous states around the value of n which neutralises the cosmological constant is
Since Λ 0 is naturally at the cutoff, getting a sufficiently fine scanning of the cosmological constant requires a phenomenally small value of the brane charge. One must choose e ∼ (10 −42 GeV) 2 , which defines the 'gap problem'. On the other hand, due to the linear dependence on n, the scanning of µ 2 H occurs through uniform steps
which do not involve quantities parametrically equal to the cutoff scale. A crucial assumption of the Selfish Higgs is that these steps are of the order of the weak scale 27) where m h = 125 GeV is the physical Higgs boson mass.
3 The Selfish Higgs as an anthropic selector
Scanning the Higgs mass with spontaneous membrane nucleation
As previously shown, the four-form has no dynamics at the classical level, although it can attain different field configurations labelled by the integer n. Quantum mechanically, these configurations are unstable and can tunnel into each other through non-perturbative effects.
Starting from a spacetime region with charge n, a membrane can be spontaneously created encompassing a subregion in which the field is in the (n − 1) configuration. The energy stored in the membrane tension is taken from the energy gain of lowering the field by one charge unit. The membrane will then expand at the speed of light, while new membranes can nucleate in its interior. The tunnelling rates between different configurations have been studied in ref. [13, 14] (see also ref. [29] ). The analysis shows that the rate for lowering n is overwhelmingly larger than for transitions with increasing n, which can happen through gravitational instantons.
We imagine an initial condition in which the four-form is in highly excited states throughout the universe with large values of n in various spacetime patches. This corresponds to an initial condition with large and positive Λ and tunnelling dynamics, the four-form will gradually discharge randomly in different parts of the universe, effectively creating a multiverse in which Λ and µ 2 H scan in a correlated way, according to eqs. (2.23)-(2.24). Through discrete jumps, the values of Λ and µ 2 H will progressively decrease along one of the trajectories shown in fig. 1 . The values of M 0 and Λ 0 select the trajectory. Along trajectories of type (a) EW breaking occurs while the system is still in dS space. For type (c) the system always remains in the unbroken phase, even when the cosmological constant crosses zero. Type (b) corresponds to the special coincidence in which Λ and µ 2 H nearly vanish simultaneously. As argued in ref. [13, 14] , the tumbling process terminates when the cosmological constant has been neutralised and the field configuration has quantum tunnelled into Minkowski or has made its first jump into AdS space. This happens as long as the brane tension T is sufficiently large, corresponding to a condition that can be easily satisfied in our case. However, this condition is not strictly necessary for our mechanism. Indeed, for us it is sufficient that a field configuration which supports a non-empty universe has a lifetime longer than the present age of our universe. This is certainly the case because the tunnelling probability between two consecutive configurations in dS space is given by
At the last stages of evolution, when the effective cosmological constant is very small, the tunnelling transitions are extremely slow and all corresponding universes have a viable metastable nature. So further transitions into AdS (even if they occur) do not invalidate our mechanism. Equation (2.25) shows that, for values of the unit charge relevant to our study (ye ∼ m 2 h ) the cosmological constant is not scanned finely enough to have a reasonable probability of landing within the observed range. Therefore, we will assume that the two dimensionful parameters M 0 and Λ 0 scan continuously in the UV theory within a range around M cutoff , as a consequence of being functions of some underlying dynamical variables. The parameter e, which is likely to have a different origin since its mass scale is much smaller than M cutoff , is held fixed. Spacetime patches that start with different values of the bare parameters M 0 and Λ 0 correspond to different trajectories in fig. 1 and to different offsets of their discrete points. There will be cases in which one particular configuration lands arbitrarily close to Λ = 0.
The scanning of M 0 and Λ 0 opens up the possibility of tunnelling between different trajectories of fig. 1 . The corresponding transition rates depend on unknown physics at the cutoff, but are likely to be suppressed with respect to transitions along a single trajectory. At any rate, these transitions would not modify the general features of the Selfish Higgs mechanism. Another possible concern could be the Higgs tunnelling into the large-field configurations that minimise the energy in the SM when the Higgs quartic coupling becomes negative [30, 31] . However, the EW vacuum is generally not destabilised during the brane evolution because, as we will show in the following, the size of µ 2 H is typically larger than the Hubble parameter H 2 and Higgs fluctuations in dS are damped.
Selecting a non-empty universe with thermal effects
The selection condition that we employ for the Selfish Higgs is based on anthropic considerations, but is very minimalistic: the existence of a non-empty universe containing sufficient entropy density for a sufficiently long time.
The vast majority of the configurations in our dynamical landscape corresponds to empty (or nearly empty) dS universes, in which the exponential expansion dilutes any possible initial particle content. Our selection condition then restricts the possible universes to a narrow band around Λ = 0. A quantitative way of assessing the anthropic range of the cosmological constant, based on structure formation, has been famously proposed by Weinberg [26] and we will adopt it here. Having narrowed down the values of Λ is not sufficient to satisfy the selection criterion because the theory as such still seems to predict empty universes. We need to identify the source that ignites a period of inflation followed by a radiation epoch, giving rise to the universe as we observe it. We also want to find the necessary ingredients within the theory of the four-form coupled to the SM.
As a possible tool provided by the theory to reach our goal, we consider the nonthermal particle production generated by the non-adiabatic dynamics during membrane nucleation. There are two possible sources for these effects.
The first is coming from the sudden jumps of the Hubble rate H, as the membrane is nucleated. The discontinuity of H across the membrane wall is
which, around the critical point for EW breaking n = n c becomes
This is of the order of the weak scale or smaller, if the cutoff scale is below the Planck scale. Whenever the Higgs is non-minimally coupled to gravity, it acquires a mass in dS space given by m
where ξ is the Higgs coupling to the Ricci scalar. Even in the absence of this coupling, if the Higgs is quantum-mechanically excited, it acquires a one-loop mass of order H 2 [32]
In the presence of Higgs fluctuations, the coupling to the Higgs feeds one-loop masses for W and Z bosons [32] 
while the photon, gluon and fermions remain massless. The mass of the gauge boson is induced by the variance of the Higgs, with its VEV being still vanishing in each Hubble volume. This is the reason why fermions do not acquire a mass. The presence of H-dependent masses may cause some of the particles of the SM to be created at each membrane nucleation as the Hubble rate H 2 jumps by units of e. In particular, the last jump into flat spacetime would induce gravitational particle production giving rise to significant excitations of such particles because of the non-adiabatic evolution of modes. However, this source of particle production does not select small Higgs VEV v as a special point and thus it is not appropriate for our purposes.
Therefore we work under the assumption that the Higgs fluctuations are exponentially damped, taking µ 2 H H 2 . The hypothesis µ 2 H H 2 is actually easily satisfied since we can write (in the unbroken phase)
The dimensionless quantity N has been defined such that it varies in a range of order unity. Thus µ 2 H /H 2 can be naturally made large (anywhere away from the critical point for EW breaking) by taking the cutoff somewhat lower than the Planck scale. An alternative (and even more efficient) way of eliminating particle production from jumps in H is to assume a conformally invariant coupling of the Higgs to curvature (ξ = 1/6). We recall that ξ = 1/6 is stable under quantum corrections.
We turn to the second source of particle production, which can take place through rapid non-adiabatic changes of the particle mass induced by changes of the Higgs VEV.
We illustrate the effect for a generic scalar particle P whose mass m P is v-dependent, and we explain how our considerations can be extended to vector or fermion particles. The starting point is the mode decomposition of the real scalar field P (x) in a curved space with Friedmann-Robertson-Walker metric [33] 
where a is the scale factor and η is conformal time. The equation of motion of the momentum modes f k is
where primes denote derivatives with respect to conformal time and R = 6a /a 3 . As expected, for ξ = 1/6 the scalar particle is insensitive to fluctuations of the curvature due to changes in the Hubble rate. Here we are focusing on changes in the mass m P from jumps in v. We remark that, by dropping the last term in eq. (3.9) (i.e. by setting ξ = 1/6), our analysis is exactly valid also for the transverse modes of vector bosons. The treatment of the longitudinal modes of vector bosons and fermions requires extra terms in eq. (3.9) [33] , but the extension is straightforward and leads to results similar to those presented here for the scalar case.
Consider the nucleation of a membrane separating a spacetime region in which the four-form is in the configuration n, created out of a region with n + 1. The momentum modes associated with frequencies before (ω n+1 ) and after (ω n ) the transition are related by a Bogoliubov transformation f
. The occupation number of a mode (n k = |β k | 2 ) is an adiabatic invariant, and particle production happens only if a mode evolves non-adiabatically. The total particle number density is 10) where N P is the number of degrees of freedom of the particle P . An analytic computation of the Bogoliubov coefficients can be done assuming the following simple ansatz for the VEV profile in conformal time [33] (see also ref. [34] )
where κ is a parameter controlling the speed of the transition (κ = 0 corresponds to infinitely slow transition and κ → ∞ to infinitely fast). In the case of eq. (3.11), one finds that the occupation number of particles P produced during the non-adiabatic change of the VEV is
Particles produced by membrane nucleation occurring at large H are irrelevant, because the fast expansion quickly dilutes their density. The only relevant reheating can occur at the last transition, when the universe settles into a configuration with nearly vanishing cosmological constant. For this transition, the corresponding Hubble is H 2 last ≈ e √ 2Λ 0 /(3M 2 P ), see eq. (3.2). Let us first consider the case µ 2 H < 0 (broken phase) in which all SM particles acquire masses proportional to v and are produced non-thermally according to the mechanism described above. We define m P = g P v/2, where the normalisation is chosen such that g P is equal to the weak coupling g when P is the transverse W boson, and g P = (8λ) 1/2 when P is the Higgs. In the limit v > H last , the number density of P particles is 3
Since we expect c to be a number of order unity, eq. (3.13) gives a strong exponential suppression unless v is of the order of H last ∼ √ e. This suppression is due to the inefficiency of particle production whenever the relative change in v is small. Only for v 2 = O(e), the change in the Higgs VEV is of the order of the VEV itself, and particle production is efficient. The result can be also understood as a Boltzmann suppression for producing particles with masses of order v from dynamics with Hubble rate H ∼ √ e. When µ 2 H > 0 (unbroken phase), the Higgs is the only massive particle in the SM, with mass equal to µ H . Higgs production from non-adiabatic changes of its mass can take place but, analogously to the previous case, it is exponentially suppressed when µ H is larger than √ e. Note that particle production is less efficient in this case, because only the Higgs degrees of freedom are involved, leading to a preference for the broken phase.
In summary, we have found that, out of the multitude of universes generated by the random process of brane nucleation, only those with small |Λ| and |µ 2 H | are 'non-empty'. In these special universes, brane nucleation leads to the production of SM particles that will rapidly thermalise creating a bath with weak-scale temperature. However, these universes do not have the right properties to resemble our own for at least two reasons. First, the nucleated bubbles with Λ ≈ 0 will expand and asymptotically fill up a very large fraction of space, but cannot percolate in the expanding dS environment in which they are immersed [35] . This is problematic 4 because a single bubble has size H −1 ∼ M P /T 2 and entropy density s ∼ T 3 , so that its total entropy S ∼ M 3 P /v 3 ∼ 10 48 is insufficient to contain our universe, whose present entropy inside the horizon is about 10 88 . The second problem is that the nucleated bubbles do not have the density perturbations needed to seed structure formation. As usual, these problems can be solved with a stage of inflation.
The critical element of the Selfish Higgs is to provide the spark that ignites inflation by displacing the inflaton field. We assume that, throughout the brane evolution, the inflaton field remains anchored at its minimum. This can happen, for instance, because of the mass 3 In the limit of large b ≡ 2πmP /(κHn+1), eqs. (3.12) and (3.10) become
Hence, eq. (3.13) follows. 4 We thank M. Geller and A. Hook for bringing up this point.
acquired by the inflaton in dS space from its coupling to gravity, given by m 2 = CH 2 where C is a model-dependent constant. As shown in eq. (3.4), for the coupling of the inflaton to curvature one finds C = 12ξ. The H-dependent mass disappears inside the last bubble where Minkowski space is nucleated. In general, the inflaton vacuum in dS and Minkowski space are different and one may worry about the inflaton first getting displaced and then oscillating around its new minimum, eventually dominating the energy density of the universe. However, as shown in ref. [36] , for sufficiently large C, the inflaton shifts into its new vacuum by tracking adiabatically the change in the potential and oscillations are exponentially damped. This happens whenever ξ is even only moderately larger than 1. An alternative possibility is that the minimum in dS and Minkowski space is the same because it corresponds to a point of enhanced symmetry [37] and the inflaton does not move during the evolution of the brane configurations. Under any of these assumptions, thermal effects are the only source able to initiate the inflationary process.
Here we will not try to build specific models, but only describe how a thermal origin for inflation can be fairly generic. To react to temperature effects, the inflaton must have a mass less than the weak scale (m I ∼ < 10 2 GeV) and be sufficiently coupled to SM particles: for renormalisable interactions, the coupling must satisfy g I ∼ > (v/M P ) 1/2 ∼ 10 −8 and, for dimension-5 interactions, the corresponding scale must satisfy f I ∼ < (vM P ) 1/2 ∼ 10 10 GeV. There are several ways in which thermal effects can start inflation. The inflaton can be displaced either by thermal fluctuations or because of modifications of the effective potential. As a result, the inflaton can find itself away from the zero-temperature minimum and start a slow-roll evolution. Regions where this happens will quickly dominate due to the exponential expansion. The dynamics and the corresponding spectrum of perturbations from such models of EW-scale inflation have been worked out, for instance, in ref. [38] .
Another possibility is that the inflaton gets trapped in a false vacuum after being pushed by thermal effects [16] . Eventually, the inflaton will tunnel through the barrier, slowly rolling down towards the true minimum of the potential. The barrier may be created by a renormalisable term of the form h 2 φ 2 , where φ is the inflaton field. If the last membrane nucleation creates an unbroken phase, such a barrier term is absent. On the other hand, if the Higgs VEV is too large, thermal effects are not able to push the inflaton field away from the false vacuum. Only if the VEV is of the order of the EW scale, the inflaton may be efficiently pushed towards the true vacuum at the origin. This will lead to the usual process of inflation, with at least 60 e-foldings to attain the required homogeneity, with the creation of density perturbation, and with the final reheating of the universe.
Selecting a non-empty universe with inflationary models
The basic idea of the Selfish Higgs is that, out of the many universes obtained by the simultaneous scanning of the cosmological constant and the Higgs mass, only those with small Λ and µ 2 H can sustain entropy density for a sufficient long time, while all others remain essentially empty. In the previous section we have used particle production during brane nucleation as the agent that activates inflation. However, one can imagine many variations of the selection mechanism. One possibility is to use models with appropriate Higgs-inflaton interactions such that the inflationary phase is triggered only by a nearcritical Higgs mass.
As an illustration of the idea, let us consider a field φ which, as long as EW symmetry remains unbroken, behaves as an exact Goldstone boson and thus V (φ) = 0. However, the Higgs VEV triggers an explicit breaking of the global symmetry, generating a potential for φ of the form 14) where the exponent α and the function F are model-dependent quantities. This structure is obtained, for instance, in the case of an axion-like particle whose continuous global symmetry is broken into a discrete shift symmetry by non-perturbative QCD effects that generate a periodic potential with F (φ) ∼ cos(φ/f φ ) proportional to a field condensate. Through the quark-mass dependence, the condensate is proportional to the Higgs VEV v, with α ≈ 1. This setup is at the basis of the relaxion mechanism [3] and can be generalised to new high-scale strong interactions, as done in ref. [39] . While the case of an axion-like particle is an interesting realisation that fulfils our requirements, our considerations apply more generally to any inflationary model with a potential of the form (3.14). Let us trace the evolution of the field φ during the process of brane nucleation, in the class of models defined by eq. (3.14). As long as the system remains in the EW unbroken phase (along trajectories of type (c) in fig. 1 ), the field φ moves randomly but does not activate inflation because V (φ) exactly vanishes. In this situation, the universe remain empty also when the condition Λ ≈ 0 is reached.
If EW symmetry is broken before the cosmological constant is neutralised (trajectories of type (a) in fig. 1 ), then the field φ rolls into the minimum of its potential, but any entropy production generated in the process is rapidly diluted by the dS expansion. Further brane nucleation does not change the location of the minimum, but only increases the curvature of the potential at the minimum. Thus, the field φ remains anchored at its vacuum and, again, the universe ends up empty when Λ ≈ 0.
The only case in which inflation can kick in efficiently is when the last transition is between a configuration with unbroken EW and a configuration in which EW is broken for the first time with Λ ≈ 0. After this transition, φ finds itself far from its minimum and, for an appropriate functional form of F (φ), the field evolution can activate a phase of slow-roll inflation followed by reheating.
In this example, the selection criterion of having a non-empty universe identifies uniquely a single universe: the one where EW is broken for the first time in an environment with nearly vanishing cosmological constant.
Conclusions
The Selfish Higgs is a mechanism that selects a small cosmological constant and small Higgs mass as the only possibility to have a non-empty universe. In other words, the Selfish Higgs is an evolutionary process leading to a fairly unique universe that contains something rather than nothing.
The theory is described by the SM with the addition of a four-form and an inflaton. The four-form is naturally coupled to the SM Higgs and leads to a landscape where the cosmological constant and the Higgs mass vary in a correlated way. Universes with large positive or negative cosmological constant are ruled out because they cannot support structures, as argued in ref. [26] . Out of the universes with Λ ≈ 0, only those with small µ 2 H can be populated by matter and radiation, while all others remain empty. In this paper, we have proposed two different mechanisms to achieve this situation.
In the first example, we have used particle production during the non-adiabatic process of brane nucleation. Almost all universes are empty because particle production is exponentially suppressed whenever |µ 2 H | is larger than the brane charge, which is the quantity that defines the weak scale. In these empty universes, the inflaton lies inert at its minimum. Only under the special circumstances of simultaneously small Λ and µ 2 H , a thermal bath of SM particles is created. This thermal bath acts as a match starting the fire of inflation and creating the conditions for a non-trivial universe.
The second example is based on a special form of inflationary models, in which the inflaton wanders randomly in a flat potential during the EW unbroken phase, while it is chained at its vacuum during the EW broken phase. In either case, inflation cannot take place. A special situation occurs at the interface between these two cases when, for Λ ≈ 0, EW symmetry is broken for the first time in the brane nucleation process. Only in this critical situation can inflation be triggered, generating a non-empty universe.
While it is difficult to identify model-independent experimental signatures of the Selfish Higgs, a robust conclusion is that our framework can be ruled out entirely by the observation of primordial gravitational waves through their imprint on the CMB. Such a detection would imply a very large Hubble rate during inflation, while the Selfish Higgs mechanism relies on values of H of the order of the weak scale or smaller. Our mechanism also implies that the reheating temperature after inflation is at most of weak-scale size and this has implications for baryogenesis or for the relic density of new particle species. Heavy particles beyond the SM (which could be relevant for dark matter or baryogenesis) can be produced, but only through non-thermal processes. Other experimental consequences could be found, but are specific to mechanisms of low-scale inflation or special model-dependent features.
The Selfish Higgs is a framework that singles out small Λ and µ 2 H as the only possibility to create a non-empty universe. Within this general paradigm, one can imagine many variations of the selection mechanisms, even beyond those discussed here. The Selfish Higgs is a framework that lends itself to different realisations and may offer a new perspective on the Higgs naturalness problem.
